To assess the potential of a polymerase chain reaction (PCR) assay as a diagnostic tool in the detection of proliferative gill disease (PGD) in channel catfish (Ictalurus punctatus), PCR assays were compared with the traditional diagnostic methods of gill wet mounts and histology. A PCR assay using primers for Aurantiactinomyxon ictaluri, the actinospore associated with PGD, was performed with tissues from fish from commercial ponds. Using histology as the ''gold standard,'' the sensitivity, specificity, and accuracy of the PCR assay were all Ͼ90%. In comparison, the wet mount examinations had a lower sensitivity and specificity. Using the chi-square test and a test for strength of association, there was a significant, strong association between results obtained by PCR and those obtained by the other 2 methods. These results demonstrate that the PCR assay is a good diagnostic tool for the detection of PGD.
Proliferative gill disease (PGD) occurs primarily in channel catfish (Ictalurus punctatus). The disease is characterized by swelling and fragility of the gills accompanied by a red-and-white mottled appearance, which led to the name hamburger gill disease for this syndrome. 11 Reported mortality rates from this disease in commercial catfish have ranged from 1% to 65% of catfish in affected ponds. 10, 11 Recent research has linked PGD with the myxozoan parasite Aurantiactinomyxon ictaluri, the actinospore stage in the aquatic oligochaete Dero digitata. 19, 22 This parasite has routinely been found in D. digitata and catfish in commercial catfish ponds. 5 The phylum to which this parasite belongs (Myxozoa) is divided into 2 classes: Actinosporea and Myxosporea. Myxosporeans are considered parasites of fish, and actinosporeans are considered parasites of aquatic oligochaetes. 8 The classification of these 2 myxozoan classes has been reconsidered recently based on the discovery that these classes represent different stages in the life cycle of the same organism, involving 2 different hosts. 6, 14, 16 This 2-host life cycle has been connected with at least 14 myxosporean species, and restructuring of the phylum Myxozoa has been proposed in light of the evidence connecting actinosporeans and myxosporeans; however, the taxonomy remains unresolved. 13 DNA sequences that encode the small subunit (SSU) ribosomal RNA (rRNA) have been used to trace the development of actinosporeans into myxosporeans, providing molecular evidence that these classes represent different stages of the same organism. Exami-nation of the SSU rDNA of Ceratomyxa shasta, the organism that causes ceratomyxosis in salmonids, resulted in linking of the actinosporean and myxosporean stages of the organism. 3 A similar connection was suggested for Myxobolus cerebralis based on sequences from the SSU rRNA. 1 A comparison of the SSU rRNA sequence of Henneguya exilis with that of an actinosporean previously designated as Aurantiactinomyxon janiszewskai revealed that the sequences were identical. 15 Using primers specific for the SSU rDNA of the myxozoan Kudoa thyrsites, a polymerase chain reaction (PCR) assay was developed and used to confirm infections in fish. 21 A similar link was recently established with PGD when the SSU rRNA in the highly variable region of A. ictaluri was found to be identical to the SSU rRNA in the highly variable region of Henneguya ictaluri, n. sp. in the catfish. 18 Current diagnostic methods for PGD involve observation of lesions on gill wet mounts and histology. These methods only diagnose the problem after an outbreak has occurred. The need for a better diagnostic tool led to the investigation of a diagnostic PCR assay, which was developed for A. ictaluri using primers based on unique sequences of the SSU rRNA gene of the organism. 9 In the present study, the ability of A. ictaluri-specific PCR assays to diagnose PGD was evaluated in populations of catfish by comparing the sensitivity and specificity of the diagnostic PCR assay with lesions observed from microscopic examination of gill wet mounts and from histopathologic examination of gill tissue. In addition, the PCR assays were used to determine the prevalence of 2 other myxozoans (A. mississippiensis and Helioactinomyxon sp.) to evaluate their association with PGD.
Materials and methods
Sampling and processing. Samples were collected from 20 commercial Mississippi catfish operations experiencing an outbreak of PGD. At each operation, gill samples were collected from 7 fish from an affected pond and 7 fish from a pond on the same farm that was not experiencing an outbreak and served as a negative control. In addition, a gill sample from a specific-pathogen-free (SPF) catfish was processed with each collected sample to serve as the negative control for contamination during the DNA extraction.
Wet mounts of each gill sample were examined microscopically for signs of PGD, which was defined as the presence of Ն1 lytic lesions in the filament cartilage. Gill samples were submitted for histology. DNA extraction was performed on gill samples using the animal tissue protocol of a DNA isolation kit. a Amplification by PCR. PCR was performed on DNA from all test samples and controls and on a negative control consisting of water only. A positive control was run for each set of primers, which were specific for the rRNA gene sequences of 3 different myxozoans, using cloned rDNA from the corresponding myxozoans. The myxozoan rRNA genes were previously cloned using the plasmid pT7 Blue. The PCR was performed using 50 l of reaction mixture consisting of 10ϫ PCR buffer II b , 2 mM MgCl 2 , 0.2 mM of each dNTP, 1.25 units of AmpliTaq Gold polymerase, b 20 pmol of each of the 2 primers, and 2 l of DNA template. A separate reaction mix was made for each set of primers used: A. ictaluri-1 (5Ј-CAAAAGTTTCTGCTATCATTG-3Ј) and A. ictaluri-2 (5Ј-TGAGGTAATCTGTGCGCT-3Ј), A. mississippiensis-1 (5Ј-GGAGCTGCCCAAAGTGT-3Ј) and A. mississippiensis-2 (5Ј-AACCTCTGCGCTCCCTCC-3Ј), and Helioactinomyxon sp.-1 (5Ј-CAAAGTGCCTGGTGCTG-3Ј) and Helioactinomyxon sp.-2 (5Ј-ATGCTCTGGGTTACCTTTGCG-3Ј).
Reactions took place in a DNA thermal cycler, b with an initial cycle of 94 C for 10 min, 50 C for 1 min, and 72 C for 30 sec followed by 35 amplification cycles of 92 C for 1 min, 50 C for 15 sec, 72 C for 15 sec, and a final 5-min extension period of 72 C. The PCR products were electrophoresed on 10% polyacrylamide gels with a 20 base pair bp molecular weight marker. c Gels were stained with nucleic acid gel stain d and photographed using ultraviolet transillumination.
DNA concentration was determined using relative fluorescent intensity of 1-l aliquots spotted on a 1% agarose plate containing 0.5 g/ml ethidium bromide. 20 The sample concentration of 1 g/l was determined to be the DNA concentration that gave the most intense band of PCR product. The concentrations of all of the DNA samples were determined via spot plate analysis of various dilutions of the samples. If the concentration of a sample was Ͼ1 g/l, it was diluted to the appropriate concentration.
Histology. All filaments in the gill sections were examined for evidence of PGD using light microscopy at 40ϫ, 100ϫ, and 400ϫ. Diagnostic lesions included epithelial hyperplasia, hemorrhage and congestion, inflammation, chondrodysplasia characterized by areas of hypertrophy and hyperplasia of chondrocytes, and cartilage lysis. Presence of organisms in the gill was noted but was not necessary for a positive diagnosis of PGD if other changes were present. Chondrodysplasia and cartilage lysis were given more credence in assigning the severity of the lesions. Because these changes are more specific for PGD, the other changes were considered to be nonspecific responses that could be due to a variety of gill irritants, including other parasites. 7 DNA sequencing. Of all the gill DNA samples that had a positive band with the A. ictaluri primers, 10 were randomly chosen for sequencing. The products of 5 PCR reactions were pooled for each of these DNA samples and concentrated by ethanol precipitation. The PCR products were isolated from agarose gels using the crush-and-soak method. 20 Samples were sequenced using a dye termination dideoxyribonucleotide cycle sequencing kit b with 10.4 l of DNA template. The samples were placed in the DNA thermal cycler at 96 C for 30 sec, 50 C for 15 sec, and 60 C for 4 min for 25 cycles. The samples were purified in spin columns, e and 10 l of each sample was placed in a sequencing tube. An automatic sequencer (ABI Prism 310 Genetic Analyzer b ) was used to determine the sequence. Using a DNA analysis program, f the sequences for all 10 samples were compared with the established sequence of the A. ictaluri DNA amplified by the A. ictaluri primers.
Statistical analysis. The data were analyzed using the chisquare test of independence to compare the results obtained by the different diagnostic tests. A strength of association value (gamma) was also computed. The sensitivity, specificity, and accuracy of the tests and the 95% confidence intervals (CI) were calculated by designating either the histology or the PCR test results as a ''gold standard.'' Computations were performed using the Statistical Analysis System. g
Results
Diagnostic PCR. For the first 5 farms evaluated using A. ictaluri-specific primers at 35 cycles of amplification, positive results were obtained for all 14 of the fish from the ponds and negative results were obtained for the SPF control fish. Because the SPF fish were negative, it was determined that the problem was not target DNA contamination but that the PCR assay was too sensitive for a diagnostic test for PGD. Therefore, the use of fewer amplification cycles in the assay was evaluated. The PCR assay was a more meaningful diagnostic test when 20 cycles of amplification were used (Fig. 1) .
Histology, wet mounts, and PCR. Using histologic techniques, 151 of 277 gill samples were considered positive and 126 of 277 gill samples were considered negative (Tables 1, 2 1-3 ). All of the paired comparisons had chi-square values larger than the degrees of freedom (df), indicating a significant systematic relationship between the results from each test. The gamma value indicated a high association (Ͼ90%) between the results from the histology and PCR tests when those results were designated as either positive or negative ( Table 1 ). The gamma values for the other 2 comparisons (Tables 2, 3) indicated a moderately high association (70-90%) between the results from each pair of tests. Other myxozoans. With the PCR assay using the primers for A. mississippiensis, this organism was identified in 22 of 277 gill samples, distributed over 8 farms. With the PCR assay using primers specific for Helioactinomyxon sp., this organism was identified in 2 of 277 gill samples, both from the same farm.
Nucleotide sequencing. The DNA sequences for the 10 samples chosen at random were aligned with the sequence of A. ictaluri amplified by the primers for A. ictaluri (Fig. 2 ). There was 100% identity with all of the samples except 3, that for fish 4 from case 3 which was missing a nucleotide at position 46 and had 93.5% homology (1 base pair difference) with A. ictaluri.
Discussion
At 35 cycles of amplification, the PCR assay was too sensitive for diagnostic purposes and detected the presence of A. ictaluri in all of the gill samples from the first 5 farms, regardless of whether or not the fish came from affected or unaffected ponds. This finding confirms the results from a previous study, in which the researchers concluded that the organism can be present in a populations of fish without a manifestation of the disease. 4 Because the PCR detects the presence of the organism by amplification of its DNA, this test can detect low concentrations of the organism, which may represent subclinical infections.
There may be a dose response that determines whether or not a fish will show clinical signs of the disease. If the fish is infected with sufficient numbers of the organism, it may show the proliferative and inflammatory response that defines the disease state. This hypothesis was supported by the fact that PCR assays on many of the fish that tested positive at 35 cycles tested negative at 20 cycles. The A. ictaluri PCR assay results 20 amplification cycles had a strong association with the results from histology. Thus, obtained with the PCR assay using 20 cycles was able to detect a concentration of DNA of the organism that was associated with clinically infected fish gills. The sequencing results confirmed that the PCR assay was amplifying a portion of the rRNA gene from A. ictaluri.
The sensitivity, specificity, and accuracy of the PCR assay in comparison with histology (using histology as a gold standard) were all Ͼ90%. Therefore, the PCR assay would be useful as a diagnostic tool for the detection of PGD. The specificity was higher than the sensitivity, which indicates that the test was more reliable at identifying as negative those fish that are unaffected than at identifying as positive those fish that are affected, as indicated by histology.
In the comparison of the wet mount results to the results from histology (using the histology as a gold standard), the sensitivity of the wet mounts was only 58%, but the specificity was 93%. This finding suggests that fish must be severely affected to be diagnosed as PGD positive using wet mounts as compared with histology. The accuracy was 74%, supporting the use of this test for presumptive diagnostics but suggesting that wet mount results be supported by PCR assays or histology. These parameters were calculated from the results obtained from individual fish; however, if multiple fish from the same pond were examined, these values could be higher. When comparing the wet mount findings to those of the PCR assay, the results were similar.
The presence of A. mississippiensis was identified by PCR in 22 gill samples, and Helioactinomyxon sp. was identified in 2 gill samples, compared with the 145 of 277 total samples identified as positive for the presence of A. ictaluri. Along with the association of A. ictaluri PCR assay results with those of histology, this finding further supports recent molecular evidence that A. ictaluri is the causative agent in PGD. 9, 18 The use of PCR techniques as a diagnostic tool has many advantages, particularly in the case of the my-xozoan parasites. These organisms undergo radical changes in morphology in a life cycle that alternates between 2 hosts. Diagnostic methods for the detection of many myxozoan infections in fish often rely on visual identification, which can be difficult with organisms that have such great changes in morphology during their life cycles. A PCR assay for K. thyrsites was developed that was both sensitive and specific for detecting early infection, identifying sources of infection, and screening invertebrates in an attempt to identify the alternate host of the organism. 12 In a comparison between PCR and wet mount techniques for diagnosing infection of fish musculature with K. thyrsites, 17 the PCR assay had greater sensitivity (92%) than the wet mounts (38%). The present study, when histology was used as a gold standard, the PCR had a similar sensitivity (91%) and the wet mount had greater sensitivity (58%) than that obtained with K. thyrsites. 17 A nested PCR technique for detecting M. cerebralis in rainbow trout was used to detect the organism 2 hours postexposure and 1, 2, and 3 weeks postexposure. 2 In the present study, ponds were sampled 2-28 days after clinical signs were observed, and the PCR assay was able to detect the organism.
Overall, the results of the PCR assay of the gill samples were highly associated with those of the traditional diagnostic methods of histology and wet mount examination in diagnosing PGD. By adjusting the number of amplification cycles, the PCR assay of fish gill samples can be made more or less sensitive to provide a detection cutoff point related to severity of the infection, which could be useful in detecting subclinical infections. At 20 amplification cycles, the accuracy of the PCR assay to diagnose PGD closely matched that of histology for diagnosing PGD. The PCR technique offers the advantages of a sensitive test that can detect the presence of organisms in all life stages, in both hosts, and in very early stages of infection.
